Photoconvertible fluorescent proteins are potential tools for investigating dynamic processes in living cells and for emerging super-resolution microscopy techniques. Unfortunately, most probes in this class are hampered by oligomerization, small photon budgets or poor photostability. Here we report an EosFP variant that functions well in a broad range of protein fusions for dynamic investigations, exhibits high photostability and preserves the B10-nm localization precision of its parent.
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The development of super-resolution imaging techniques has revolutionized the study of cellular ultrastructure with light microscopy. Photoactivated localization microscopy (PALM 1 , PALMIRA 2 and FPALM 3 ), reversible saturable optical fluorescence transitions (RESOLFT) 4 , stochastic optical reconstruction microscopy (STORM) 5 and related methodologies, including dualcolor 6 , live-cell 3 and three-dimensional high-resolution imaging 7 , are among the innovations that have allowed modest fluorescence microscopes to reach far beyond the traditional diffraction limit. These techniques share two critical enabling technologies: highly efficient detectors and fluorescent probes that photoswitch or photoconvert. Such probes allow the detection of single molecules over the background for high-precision localization and the repetitive excitation and selective quenching of subdiffraction annuli 4 .
Fluorescent probes can be targeted to biological structures using either labeled antibodies or directly fused fluorescent proteins. Immunological fluorescence has the advantage of a larger probe palette from which to choose, including organic dyes. The number of photons obtainable per activation cycle, or photon budget, dictates the precision with which each fluorescent molecule is localized and, together with labeling density and background level, determines a probe's resolving power. Organic dyes, including Cy5 and Cy7, typically feature localization precisions approaching a lower limit of 4 nm 5 . However, the harsh conditions required for immunological fluorescence are undesirable. Furthermore, antibodies are limited in labeling density, often produce high nonspecific background, are seldom useful for live-cell imaging and can artificially inflate feature size by virtue of their own nontrivial dimensions 5 .
For high-resolution applications that must overcome such problems, fluorescent protein fusions are currently the optimal solution. Unfortunately, the existing monomeric photoactivatable fluorescent proteins (PaFPs) suffer from smaller photon budgets than synthetic dyes, leading to a substantial loss in localization precision. The green-to-red photoconverting fluorescent proteins, Kaede and EosFP 1 , yield precisions almost as good as organic dyes, but exist in solution as tetrameric complexes, hampering their use as fusion partners. Tandem dimer and monomeric versions of EosFP 8, 9 (tdEos and mEos, respectively) have been engineered, but tdEos still does not localize accurately in fusions to many standard targets, including tubulin, histones, intermediate filaments and gap junctions (Supplementary Methods and Supplementary Fig. 1 online), and mEos does not mature at 37 1C and can only be successfully used at 30 1C, at which most mammalian cells may exhibit metabolic artifacts. We developed mEos2, an mEosFP variant that folds efficiently at 37 1C and successfully labels targets that are intolerant of fusion to fluorescent protein dimers and tandem dimers. mEos2 preserves the localization precision of tdEos (B10 nm in one dimension) and serves as a traditional green-to-red optical highlighter with maturation kinetics, acid sensitivity, photostability and brightness comparable or superior to Dendra2 (ref. 10) , the only other monomeric highlighter in its class.
We used side-chain grafting to stabilize mEos (wild-type EosFP with V123T and T158H). EosFP is homologous to the green reversibly photoactivatable protein Dronpa 11 , which is bright, monomeric and matures well at 37 1C. Using protein structural alignment, we selected 20 positions for mutagenesis (Supplementary Table 1 online) and found that three mutations (N11K, E70K and H74N) rescued fluorescence at 37 1C in bacterial colonies. mEos2, containing these three mutations and the serendipitous mutation H121Y, was a functional green-to-red photoconvertible fluorescent protein at 37 1C ( Supplementary Fig. 2 online) . Modeling details are available in Supplementary Methods.
Purified mEos2 exhibited spectral properties, brightness, pK a , photoconversion, contrast and maturation properties nearly identical to those of the earlier EosFP, dimeric EosFP (dEos; T158H) and tdEos ( Table 1 and Supplementary Figs. 3-6 online). To examine oligomeric character, we used three techniques: gel filtration, homo-fluorescence resonance energy transfer (FRET) 12 and hetero-FRET ( Supplementary Figs. 7 and 8 online) . Results suggested that mEos2 exhibited more dimeric character than its parent, but subsequent mutagenesis to remove this character proved detrimental in other ways ( Supplementary Fig. 9 online). To determine whether this residual dimeric character was a prohibitive problem, we fused mEos2 to targeting peptides and proteins known to exhibit artifacts for the dimeric and tandem-dimer species (Supplementary Figs. 1 and 10 online) and performed live-cell and PALM imaging.
We monitored the performance and photoconversion efficiency of all mEos2 fusions by observing epithelial (HeLa) and fibroblast (gray fox lung) cells in transient transfections ( Fig. 1 and Supplementary Figs. 1 and 10) . N-and C-terminal mEos2 fusions to tubulin, intermediate filaments and gap junctions localized as expected, and both the native and the converted species were sufficiently photostable for time-lapse imaging. mEos2 fused to histone H2B did not interfere with mitosis ( Fig. 1g-j and Supplementary Fig. 10m-q) ; we used photoconversion to dynamically monitor cell division, mitochondrial fusion and gap junction plaque behavior ( Fig. 1a-f ). Fusions of mEos2 with signal peptides and targeting proteins confirmed expected localization patterns ( Supplementary Fig. 10 ) in focal adhesions (paxillin and zyxin), Golgi complex, clathrin-coated pits, intermediate filaments (keratin and vimentin), nuclear envelope (lamin B1) and microtubules (tubulin and EB3). In contrast, many tdEos fusions gave rise to localization defects or aggregation, including those targeting EB3, tubulin, connexins, histones and intermediate filaments (Supplementary Fig. 1) . These results suggest that, despite its weak dimericity at high concentrations, mEos2 is an excellent fusion partner for biological imaging, even in difficult fusions (although there may be untested fusion partners for which the residual dimeric character might prove disruptive). Widefield (using metal halide arc lamp illumination) and laser scanning confocal microscopy photobleaching kinetics ( Table 1 and Supplementary Fig. 11 online) revealed that the green species of the optical highlighters in this study (mPA-GFP, Dendra2, EosFP, dEos, tdEos and mEos2) exhibited photostabilities of B25% or less that of monomeric EGFP (mEGFP). In contrast, photostability of the photoconverted (red) species was higher than that of mCherry with metal-halide illumination, but less than or equal to that of mCherry under laser illumination. The mEos2 red species had the highest photostability of all of the monomer-like highlighter fluorescent proteins (and close to that of the tandem dimer) under laser illumination, which is the primary imaging mode for tracking dynamic events in living cells.
We observed similar photobleaching rates for tdEos, Dendra2, monomeric KikGR (mKikGR) 13 and mEos2, but photobleaching is only one of many components causing bright-to-dark transitions of fluorophores at the single-molecule level. Therefore, to ensure that mEos2 maintained the B10-nm localization precision of dEos and tdEos, we conducted PALM imaging on fusions that did not localize well with the latter variants, including EB3, vimentin and keratin. Individual Eos molecules fused to the target protein were converted to the red species sparsely but continuously using a 405-nm laser while simultaneously performing total internal reflection fluorescence (TIRF) imaging with a 561-nm laser. We performed PALM analysis as described 1 . The PALM images obtained with mEos2 revealed high-resolution structures not visible with diffraction-limited imaging (Fig. 2) . Features of about 50 nm were resolved, consistent with a similar lower limit on feature sizes exhibited elsewhere 3, 5 . Localization precision was comparable to that for tdEos (11 nm in cells) and two-to fourfold more precise than that for Dendra2 (23 nm), Dronpa (26 nm 6 ), PS-CFP2 (27 nm 6 ) and mPA-GFP (41 nm 3 ) (Supplementary Table 2 and Supplementary Figs. 12 and 13 online) . Fluorophore molecular densities, the other barrier in determining probe resolution resulting from the Nyquist criterion ( Supplementary Table 2 ), were comparable in feature-rich areas for Dendra2-keratin and mEos2-keratin (4,800 and 6,500 molecules mm -2 , respectively) but sufficiently small to make filtering of poorly localizing molecules costly in terms of final image resolution.
In summary, mEos2 is an excellent candidate to replace Dendra2 and tdEos for dynamic investigations in live-cell imaging and for super-resolution imaging with PALM and related techniques. The excellent photostability of the photoconverted species of mEos2 enabled long-term imaging, and the weakly dimeric character coupled to exceptional targeting allowed mEos2 to be used in fusions that are problematic with tdEos or dEos. Furthermore, the localization precision of mEos2 is twofold greater than that of Dendra2 (or any other monomer), making it one of the most useful genetically encoded PALM probes reported to date. 
